Abbreviations: BSA, bovine serum albumin; CFUs, colony forming units; FAC, ferric ammonium citrate; Fpn, ferroportin; GFP, green fluorescent protein; hep25, active hepcidin; hep20, inactive hepcidin; MEM, minimal essential medium; MOI, multiplicity of infection; PBS, phosphate buffered saline. Macrophages from flatiron mice, a strain heterozygous for a loss-of-function ferroportin mutation, showed enhanced intracellular bacterial growth independent of the presence of exogenous hepcidin. Macrophages, from wild type or flatiron mice, incubated with the oral iron chelators deferriprone or desferasirox showed reduced intracellular bacterial growth suggesting that these chelators might be therapeutic in chronic intracellular bacterial infections.
Introduction
Hypoferremia is a hallmark of inflammation and results from increased secretion of the liver hormone hepcidin (for review see 1 ) . Hepcidin is secreted by hepatocytes in response to inflammatory stimuli, notably IL-6 [2] [3] [4] . Hepcidin binds to the iron exporter ferroportin (Fpn) leading to its internalization and degradation 5 . Fpn is the only identified cellular iron exporter and is present on macrophages, absorptive enterocytes and placenta. Loss of cell surface Fpn results in hypoferremia, which if persistent, leads to iron-limited erythropoiesis 6 . The hypoferremia of inflammation is thought to represent an anti-bacterial defense response, as iron acquisition proteins are virulence factors for many species of bacteria 7 .
The loss of cell surface Fpn also leads to increased cellular iron, particularly in macrophages that are continually obtaining iron from senescent red blood cells. The hypoferremia of inflammation may limit the growth of extracellular bacteria but may promote the growth of intracellular bacteria. Support for this hypothesis has been suggested by studies in Salmonella-infected macrophages, where addition of hepcidin promoted the growth of bacteria 8, 9 . We show that the growth of three other species of . Legionella pneumophila is a facultative intracellular pathogen that is internalized into a phagosome that remains separated from lysosomes, but recruits endoplasmic reticulum-derived vesicles for the expanding phagosomal membrane and mitochondria for nutrients (for review see 11 ). Both Chlamydia and Legionella require iron for replication and expansion 12, 13 . We determined that macrophages with impaired Fpn activity; isolated from flatiron mice (a strain heterozygous for a loss-of-function ferroportin mutation), show increased susceptibility to intracellular bacterial growth.
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Further, we show in vitro that the growth of these intracellular bacteria can be suppressed by treatment with the clinically utilized oral iron chelators deferriprone and desferasirox.
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Materials and Methods:
L. pneumophila was obtained from Dr. M.S. Swanson (University of Michigan Medical School, Ann Arbor, Michigan). C. psittaci and C. trachomatis were obtained from Dr. P. Wyrick (Eastern Tennessee State University, Johnson City, TN). AntiChlamydia antibody was generated in our laboratory and used a previously described 14 .
Anti-L. pneumophila antibody was purchased from Abcam (Cambridge, MA).
Cells and media
HEK293T Fpn, a stable cell line in which Fpn-Green fluorescent protein (GFP) expression is regulated by the ecdysone promoter has been described previously 5 . The stable HEK293T Fpn cells only express Fpn-GFP when the cells are grown in the presence of 10 µM ponasterone A, an insect steroid hormone which activates the ecdysone promoter. Murine bone marrow macrophages were isolated from mouse femurs and cultured as described 15 . Cells were iron loaded by addition of ferric ammonium citrate (FAC (10 µM iron)).
Intracellular growth and infection efficiency in macrophages.
L. pneumophila, a virulent thymine auxotroph, was cultured in N-(2-acetamido)- pneumophila were added to macrophages at a multiplicity of infection (MOI) of 10.
After 2 hrs at 37°C, extracellular bacteria were removed by washing three times with 1.5 ml of RPMI-FBS containing antibiotics (0.06 mg/ml penicillin 0.1 mg/ml streptomycin, Sigma) and then cells placed in RPMI-FBS supplemented with 100 µg/ml thymidine for an additional 18-48 hours. L. pneumophila intracellular growth was measured at 24 hrs after infection by pooling culture supernatants and lysates prepared by trituration of monolayers with sterile water and then plated 10 or 25 µl on CYET plates. As a control we confirmed that the washing of macrophage plates removed extracellular bacteria by plating the last wash onto CYET plates and counting CFUs. Greater than 95% of the 
Other procedures
Ferritin analysis was performed as previously described 16 . Hepdicin (hep25) and hepcidin 20 (hep20) were a generous gift from Dr. Tomas Ganz (UCLA, Los Angeles, Ca) and were used a 1 µg/ml for 18 hrs. DFO was purchased from Ciba-Geigy (Summit, NJ). Deferriprone and desferasirox were a generous gift from Dr. Prem Ponka (McGill Univ, Montreal, Canada). Total RNA was extracted from macrophages infected with C.
pneumophila using QIAshredder and RNeasy Mini kit (Qiagen, Chatsworth, CA). One-
Step RT-PCR kit (Invitrogen, Palo Alto, CA) was used with 500 ng RNA using following conditions: RT: 50ºC for 50 min. PCR: 94ºC for 30 sec, 60ºC for 40 sec, 72ºC for 30 sec; 30 cycles using primers described in 17 . RT-PCR was performed using primers for omcB, lcrH-1 and rs16 as an internal control. The products were run on 2% agarose gel, which was scanned and the bands were quantified using Quantity One (BioRad, Hercules, CA).
The results were plotted as bar graph as relative density compared to rs16.
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Results
Expression of Fpn leads to cellular iron depletion and is predicted to limit the growth of intracellular bacteria. We tested this possibility by infecting HEK293T cells that express Fpn-GFP under the control of a ponasterone A inducible promoter 5 . Cells induced to express Fpn-GFP were infected with C. psittaci for 2 hrs and allowed to grow for an additional 18 hrs. We found that the size of the inclusion body was inversely affected by the expression of Fpn-GFP. Cells that did not express Fpn-GFP showed extremely large inclusion bodies ( Figure 1A , arrowheads), while cells that expressed
Fpn-GFP showed dramatically smaller inclusion bodies ( Figure 1A , arrows). Large inclusions are the result of a productive infection. Previous studies have shown that the expanding Chlamydial inclusion is not derived from host proteins 14, 18 . No Fpn-GFP was observed on the inclusion membrane (data not shown) indicating that host proteins were sorted away from the expanding inclusion membrane.
We confirmed the effect of Fpn-GFP expression on C. psittaci growth using macrophages, as these cells express high levels of endogenous Fpn in response to iron 19 .
Cultured bone marrow macrophages from C57/B6 mice were incubated with ferric Previous studies suggested that macrophages increase the expression of Fpn mRNA when exposed to Salmonella typhimurium 9 . To determine if C. psittaci infection affected Fpn levels, cultured bone marrow macrophages not exposed to iron were infected with C. psittaci for two hrs. Extracellular bacteria were removed and cells incubated for an additional 18 hrs and Fpn levels assessed by Western analysis. As expected, Fpn levels in macrophages not exposed to iron were lower than those exposed to iron (compare Figure 1C and 1E). No change in Fpn levels was observed upon C.
psittaci infection ( Figure 1E) . Similarly, no change in Fpn levels was seen when macrophages were exposed to L. pneumophila (data not shown).
Hepcidin These results indicate that it is the iron-exporting activity of Fpn that modulates bacterial growth. This conclusion leads to the speculation that iron-chelators might suppress the growth of bacteria that results from hepcidin-mediated Fpn downregulation.
To test this hypothesis, hepcidin treated wild type macrophages (C3H) or flatiron macrophages infected with C. psittaci were incubated with iron chelators. We specifically focused on two clinically used oral iron chelators deferriprone (L1) and desferasirox (ICL670A, Exjade © ), as these chelators are expected to be membrane permeable where as deferrioxamine (DFO) is less permeable 24 . We confirmed that these chelators were able to remove iron stored in macrophages by measuring cellular ferritin 
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The data confirms that growth of intracellular pathogens is dependent on iron availability in macrophages. We examined the effect of cellular iron levels on C. psittaci iron responsive genes to confirm the direct effect of iron levels on pathogen virulence.
RT-PCR was performed on RNA extracted from infected flatiron macrophages using primers for omcB (outer membrane protein) and lcrH-1 (Type III secretory system chaperone) two known iron responsive genes 17 . Both omcB and lcrH-1 showed increased expression in iron-loaded macrophages when compared with a non-iron responsive internal RNA control, rs16 ( Figure 6C ). The expression of these genes was decreased when infected macrophages were treated with iron chelators, indicating that iron depletion has direct effect on C. psittaci virulence. Together, these results suggest that iron chelation therapy might be efficacious in the treatment of intracellular bacterial infections.
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Discussion
Iron acquisition genes are virulence factors for most species of bacteria including those that live as intracellular parasites (for review 7 ) . Bacteria are internalized into membranous compartments (endosomes/phagosome) and then subsequently trafficked to the lysosome for degradation. Intracellular pathogens have evolved specific mechanisms to survive within this intracellular environment. Some bacteria such as Salmonella persist in the endocytic pathway, others escape the endo/lysosomal system and exist in the cytosol (Listeria monocytogenes). Other bacteria remain within a membranous envelope that may be a modified version of the endoplasmic reticulum (L. pneumophila) or a membranous compartment generated by the bacteria (Chlamydia) (for review see 26 ).
Regardless of the specific compartment in which they exist, all of these intracellular bacteria require iron to develop a productive infection. The mechanism of iron acquisition by intracellular bacteria such as Legionella, Chlamydia or Mycobacteria is undefined, but it is reasonable to assume that the cytosolic iron pool is the source.
Conditions that limit host cell iron acquisition will affect the growth of intracellular bacteria. by Western blot using mouse anti-C. psittaci followed by peroxidase conjugated goat anti-mouse IgG. Fpn levels were assessed using rabbit anti-Fpn followed by peroxidase conjugated goat anti-rabbit IgG. Tubulin levels were detected using mouse anti-tubulin Bone marrow macrophages isolated from A/J mice were iron loaded as in figure   1 , infected with L. pneumophila for two hrs and incubated with hepcidin with or without iron chelators deferriprone or desferasirox for 18 hrs. A. Cells were either lysed and lysates plated on CYET for three days and CFUs determined or (B) processed for immunofluorescence and bacterial foci/cell determined as described in figure 2.
Expression of the mammalian iron exporter
Experiments were repeated a minimum of three times. Error bars represent the standard deviation of the mean. For personal use only. on . by guest www.bloodjournal.org From
